Introduction
Banana bunchy top disease, caused by banana bunchy top virus (BBTV), is the most economically important virus disease of bananas (Musa spp.) and has been recorded in many parts of the world including Australia, Asia, Africa and the South Pacific (Dale, 1987) but not in the Americas. In Australia, an epidemic caused by BBTV virtually destroyed the banana industry in southeast Queensland and northern New South Wales in the early 1920s and has since been controlled by strict phytosanitary regulations (Dale, 1987) . In other countries, BBTV continues to be a major constraint to banana production.
As BBTV is transmitted in a persistent manner by the banana aphid Pentalonia nigronervosa and causes a yellows disease in bananas, it was classified as a 'possible member' of the luteovirus group (Matthews, 1982) . Further evidence supporting this classification is the reported occurrence of dsRNA in BBTV-infected plants but not in corresponding healthy plants (Dale et al., 1986) . Recently, there have been two reports of the purification of virus-like particles (VLPs) from BBTVinfected plants. Su & Wu (1989) obtained 20 to 22 nm particles containing ssRNA with an Mr of 2.0 x 106 and a single protein with an M r of 21000; Iskra et al. (1989) obtained particles with a diameter of 28 nm. In this paper, we report the purification of VLPs from BBTV-infected plants and the association of small ssDNA with these particles and with the disease.
Methods
Source of infected material. Banamts with characteristic symptoms of BBTV infection were collected from the Nambour and Currumbin regions of south-east Queensland. This tissue was either stored for short periods at 4 °C before processing or ground to a fine powder in liquid nitrogen and stored at -80 °C. Healthy banana tissue was collected either from areas known to be free of BBTV, or from plantlets cultured from tissues of healthy bananas.
Purification of BBTV. Banana midrib tissue was processed as described by Su & Wu (1989) and Wu & Su (1990) . In some experiments, the virus was further purified by centrifugation through a caesium sulphate gradient (Thomas & Dietzgen, 1991) .
Nucleic acid extraction and analysis. Virus preparations in 0-07 Msodium phosphate buffer pH 7.2 (PB) were mixed with an equal volume of 0.02 ~-Tris-HCl, 0.001 M-EDTA and 4% SDS, pH 9.0 and incubated at 60 °C for 15 min. The mixture was then emulsified with an equal volume of phenol-chloroform (1:1), centrifuged and the aqueous phase was re-extracted with an equal volume of chloroform. Nucleic acids were precipitated from 70% ethanol and resuspended in sterile distilled water. Nucleic acid preparations were incubated at 37 °C for 1 h with (i) DNase [0-2 ixg/~tl; Boehringer Mannheim (BM)] in 50 mMTris-HC1, 10 mM-MgCI2, pH 8.0, (ii) RNase (20 pgAtl; BM) in water or (iii) S 1 nuclease (1 unit/Ixl; BM) in 0-2 M-NaC1, 50 mr~-sodium acetate, pH 4.5, 1 mM-ZnSO4.
Gel electrophoresis of nucleic acid and protein.
Nucleic acids were electrophoresed in 1 to 1'5 % agarose gels in Tris-acetate-EDTA buffer pH 7.8 (Maniatis et al., 1982) , and visualized by ethidium bromide staining. For Mr estimations, nucleic acids were denatured with glyoxal and electrophoresed in 1% agarose gels as described by McMaster & Carmichael (1977) . A 0.24 to 9.5 kb RNA ladder [Bethesda Research Laboratories (BRL)] and a BglI/HinfI digest of pBR328 DNA (BM) were used as Mr standards.
0000-9840 © 1991 SGM
Proteins were denatured in 2~ (w/v) SDS and 5~ (v/v) 2-mercaptoethanol and analysed in discontinuous SDS-polyacrylamide gels (Laemmli, 1970) . The separated proteins were stained with silver nitrate (Blum et al., 1987) . A low M, protein calibration kit (Pharmacia) was used for Mr determinations.
Electron microscopy. Virus preparations were negatively stained with 2~ (w/v) ammonium molybdate pH 6.5, and examined in a Jeol 1200EX electron microscope.
Capillary and dot blotting. Nucleic acid was capillary blotted from agarose gels to Zeta-Probe (Bio-Rad) nylon membranes using 10 x SSC (1 x SSC: 0.15 M-sodium chloride, 0.015 M-trisodium citrate) as transfer buffer (Maniatis et al., 1982) . For dot blot analysis, nucleic acid extracts were extracted either from partially purified BBTV or from crude sap. Sap extracts were prepared by vortexing powdered plant tissue with 1 ~ (w/v) SDS, followed by clarification with phenol/chloroform (1 : 1) and chloroform. Prior to blotting, samples were denatured by boiling for 5 rain. Aliquots (50 ~tl) were then spotted onto Zeta-Probe membranes using a Bio-Dot apparatus (Bio-Rad).
Synthesis and cloning ofcDNA. Prior to synthesis of cDNA, 1 to 5 ~tg of BBTV nucleic acid was boiled for 5 min with 20 Ixg random primers (pdN6, Pharmacia) and then quenched on ice. First strand cDNA was then synthesized at 42 °C for 1 h in a reaction mixture containing 50 mM-Tris-HC1 pH 8-3, 8 mM-MgClz, 4 mM-dithiothreitol, 0-5 mMdATP, -dGTP, -dCTP and -TTP, 4 mM-sodium pyrophosphate, 1 unit/~tl RNasin (Promega Biotec) and 20 units/gl Moloney murine leukaemia virus reverse transcriptase (BRL). Second strand cDNA was synthesized essentially as described by Gubler & Hoffman (1983) using RNase H and the Klenow fragment of DNA polymerase I. The resultant double-stranded cDNA was then treated with mung bean nuclease (Promega Biotec) and force-ligated into SmaI-cut plasmid vector pUC19 (Upcroft & Healey, 1987) . The plasmid was then used to transform Escherichia coli strain J M 109 (Hanahan, 1983) and potential recombinant clones were identified by screening on X-gal substrate (Vieira & Messing, 1982) .
Plasmids were isolated using the alkaline lysis method (Maniatis et al., 1982) . Inserts were excised by digestion with EcoRI and PstI and were purified from agarose gels using a Gene-Clean kit (Bresatec). An oligo-labelling kit (Bresatec) was used to prepare 32p-labelled hybridization probes (specific activity l07 to 108 c.p.m./~tg). Prehybridizations were done at 65 °C for 3 h in a solution containing 1 MNaCI and 1~ SDS. Hybridizations were done at 65 °C for 16 h in a solution containing 10~ dextran sulphate, 1 M-NaCI, 1 ~ SDS, 100 ~tg/ml denatured herring sperm DNA and denatured probe. Filters were washed at 65 °C in five changes of 1% SDS, 2 x SSPE (1 x SSPE is 150 mM-NaCI, 10 mM-PB, 1 mM-EDTA pH 7-4), followed by one change in 1~ SDS, 0-1 x SSPE. Dried membranes were exposed to X-ray film at -80 °C using intensifying screens.
Results

Purification o f virus-like particles
A t t e m p t s were m a d e to purify VLPs from BBTVinfected plants using the m e t h o d of either Iskra et al. (1989) or Su & W u (1989) . In both methods, the final purification steps involved sucrose gradient centrifugation, fractionation of the gradients and concentration of VLPs by centrifugation. Electron microscopy did not reveal any obvious V L P s in fractions p r e p a r e d by the m e t h o d of Iskra et al. (1989) despite numerous attempts. Fig. 1 . Electron micrograph of BBTV purified by centrifugation in a caesium sulphate gradient and stained with 2~ ammonium molydate pH 6.5. Bar marker represents 100 nm.
H o w e v e r fractions 5 to 9 (Fig. 6) , o b t a i n e d using the m e t h o d of Su & W u (1989) , contained numerous isometric VLPs. These particles were essentially identical in size and shape but the fractions contained a considerable a m o u n t of host contaminants. Subsequently these VLPs were purified using a modified procedure including a caesium sulphate gradient (Thomas & Dietzgen, 1991) . This procedure yielded p r e p a r ations with 18 to 20 n m isometric particles with less host c o n t a m i n a t i o n (Fig. 1) . In caesium sulphate, these particles b a n d e d as a single c o m p o n e n t with a density o f 1.28 to 1-30 g/ml.
Molecular cloning o f nucleic acid
Owing to a lack o f clean BBTV t e m p l a t e our recombinant clones were first screened with a labelled e D N A probe p r e p a r e d from a healthy b a n a n a nucleic acid extract. This probe hybridized to all but seven of the inserts. These seven inserts were then labelled and individually h y b r i d i z e d with partially purified extracts from healthy and BBTV infected b a n a n a s and sucrose gradient-purified BBTV which had been electrophoresed in agarose gels and capillary blotted onto nylon m e mbranes. The labelled insert from only one clone, pBT338, specifically h y b r i d i z e d with a low Mr b a n d in extracts from partially purified infected banana tissue and sucrose gradient-purified BBTV but did not hybridize with extracts from partially purified healthy banana tissue (Fig. 2) . This clone contained an insert of approximately 950 bp. Nucleic acid was extracted from eight BBTV-infected and eight healthy bananas from the Currumbin region of south-east Queensland and dot blotted onto a nylon membrane. The insert from pBT338 was labelled and hybridized with these extracts. The probe hybridized strongly with all the extracts from BBTV-infected bananas and did not hybridize with those from healthy bananas (Fig. 3 a) . Nucleic acid extracts from the same eight infected and healthy bananas were electrophoresed in agarose gels and capillary blotted onto a nylon membrane. Labelled insert from pBT338 was hybridized with this membrane. This probe hybridized with the same specific low Mr band in the eight extracts from BBTV-infected bananas but did not hybridize with the extracts from the eight healthy bananas (Fig. 3 b) . This probe also hybridized with an identical band from nucleic acid extracts from a further eight BBTV-infected banana plants collected from the Nambour region (results not shown) but not with nucleic acid from banana plants infected with cucumber mosaic virus. 
Identification of the nucleic acid associated with BBTV
Agarose gel electrophoresis showed that extracts from sucrose gradient-purified VLPs contained a single low Mr band and diffuse stained material of lower Mr (results not shown). Nucleic acid extracted from caesium sulphate-purified VLPs was also analysed, with or without prior treatment with nucleases, by agarose gel electrophoresis. The untreated sample contained a discrete low Mr band and, in some extracts, a small amount of lower Mr material. This discrete band was digested by DNase I and S1 nuclease but not digested by RNase A (Fig. 4a) . These samples were capillary blotted onto a nylon membrane and hybridized with the labelled insert from pBT338. The probe hybridized with the low Mr band in the untreated sample and in the RNase Atreated sample but did not hybridize with any bands in the DNase I-or S1 nuclease-treated sample (Fig. 4b) .
These results indicate that a low Mr ssDNA is closely associated with the purified VLPs and that this ssDNA hybridizes specifically with the insert of pBT338. The size of the glyoxylated BBTV-associated ssDNA band was estimated by agarose gel electrophoresis to be approximately 1 kb by comparison with glyoxylated RNA and DNA markers (Fig. 5) .
Correlation of ssDNA with virus-like particles and banana bunchy top disease
Sap from leaf samples of eight healthy banana plants was dot blotted onto nylon and probed with the labelled pBT338 insert. The probe did not hybridize with any of these sap extracts, confirming that these plants did not contain the BBTV-associated ssDNA. Ten aphids collected from banana plants displaying symptoms of the disease were subsequently placed on each of these plants and were killed after feeding for 1 week. After a further 2 weeks, all eight plants had symptoms of the disease. Sap was again extracted from the leaves of all eight plants, dot blotted onto a nylon membrane and probed with the labelled pBT338 insert. In each case, the probe hybridized strongly with these sap extracts demonstrating the association of the ssDNA with banana bunchy top disease.
Partially purified preparations of BBTV were fractionated by sucrose gradient centrifugation. A 10 ~1 aliquot from each fraction was extracted for nucleic acid, and a . Detection of BBTV in diseased banana plants by sucrose density gradient centrifugation. Plant extract (1 ml) representing approximately 500 g of tissue was centrifuged through a I0 to 4 0~ sucrose gradient. The gradients were fractionated into 30 × 1 ml fractions and the u.v. absorbance at 260 nm of each fraction was determined (lower box). A 10-fold dilution series of 10 ~tl from each fraction was then made in PB and each fraction was dot blotted onto a Zeta-Probe membrane. The membranes were then hybridized with 32p-labelled insert from pBT338 (upper box). Fraction number Fig. 7 . Detection of BBTV in diseased banana plants by caesium sulphate gradient centrifugation. Sucrose gradient-purified BBTV, representing approximately 500 g tissue, was analysed on a caesium sulphate gradient. The gradient was fractionated into thirty 500 Ixl fractions and the density of each fraction was determined by weighing (lower box). A 10-fold dilution series of 10 ~tl from each fraction was made in PB and each fraction was dot blotted on Zeta-Probe and hybridized with the 32p-labelled insert from pBT338 (upper box).
dilution series of these extracts was dot blotted onto nylon and probed with the labelled pBT338 insert. The probe hybridized most strongly with fractions 5 to 9 (Fig.  6 ) which were those which electron microscopy had shown to contain the largest number of VLPs. Sucrose gradient-purified VLPs were further purified by caesium sulphate gradient centrifugation. Fractions with densities from 1.28 to 1.30 g/ml contained the largest number of VLPs and hybridized most strongly with the probe (Fig. 7) .
Analysis of the coat protein of BBTV
The fraction of the caesium sulphate density gradient that contained the highest number of VLPs and ssDNA (fraction 14, Fig. 7 ) was analysed for protein content by PAGE and silver staining. This fraction contained a single major protein band of Mr 20100 (Fig. 8 ).
Discussion
In this paper, we report on the purification of 18 to 20 nm isometric VLPs from BBTV-infected plants. These particles banded as a single component with a buoyant density of 1.28 to 1.30 g/ml in caesium sulphate. Associated with these particles were an ssDNA of approximately 1 kb, and a single major protein with Mr 20100. A cDNA clone, pBT338, synthesized from nucleic acid extracted from sucrose gradient-purified particles hybridized specifically with (i) the 1 kb ssDNA associated with the purified particles, (ii) sap extracts from BBTV-infected plants but not healthy plants or cucumber mosaic virus-infected plants and (iii) fractions from sucrose gradients and caesium sulphate gradients that contained the largest number of VLPs. Furthermore, we have demonstrated that the occurrence of BBTV-associated ssDNA correlates with the transmission of banana bunchy top disease. These results provide strong evidence that these VLPs are the virions of BBTV; this virus contains small ssDNA as its genomic nucleic acid and has a coat protein of M, 20100. Thomas & Dietzgen (1991) have purified similar VLPs from BBTV-infected plants and have produced polyclonal and monoclonal antisera which react specifically with preparations of these VLPs. These antisera also react with preparations from BBTV-infected but not uninfected bananas. They confirmed the association of a small ssDNA with these VLPs. These results provide further evidence that the VLPs purified by us and by Thomas & Dietzgen are the virions of BBTV.
The properties reported in this paper for the probable virions of BBTV are most similar to the properties of the VLPs associated with subterranean clover stunt virus (SCSV) (Chu & Helms, 1988) . The particles associated with SCSV were isometric and 17 to 19 nm in diameter and contained multiple species of circular ssDNA of approximately 850 to 880 nucleotides. The protein associated with these particles had an Mr of 19000. SCSV is also persistently aphid-transmitted and is nonmechanically transmissible. Conversely, luteovirus particles are isometric with a diameter of about 25 nm containing ssRNA of about Mr 2 × 106 and a coat protein of approximately 24000. The most striking difference between the probable BBTV particles and those of luteoviruses is the type and size of the genomic nucleic acid. These facts would preclude the classification of BBTV as a luteovirus.
There are a number of possible explanations for the apparent discrepancies between the properties of reported VLPs associated with BBTV. Firstly, it is possible that more than one virus causes the symptoms associated with banana bunchy top disease. Secondly, it is possible that one of the VLPs is a latent virus and not involved in the development of bunchy top symptoms. Finally, it is possible that two viruses together are responsible for banana bunchy top disease as is the case with carrot motley dwarf disease caused by carrot red leaf virus and carrot mottle virus (Murant et al, 1985) .
Clearly, it is necessary to resolve the current conflict as to the causative agent of banana bunchy top disease. It will be necessary to determine whether the small ssDNA is always associated with the disease particularly from other parts of the world and ultimately to reproduce the symptoms of the disease in plants infected with highly purified preparations of the VLPs reported in this paper. This work was supported by the International Board for Plant Genetic Resources and the Australian Research Council.
